The author reviewed five hereditary neurological tumor syndromes associated with gliomas: Li-Fraumeni cancer syndrome, neurofibromatosis type 1 (NF1) and type 2 (NF2), tuberous sclerosis (TS), and Turcot syndrome. In each case, clinical manifestation, genetic localization, and protein function were identified. Correlation with glioma oncogenesis demonstrated the following associations: 1) p53 mutation (Li-Fraumeni) with astrocytoma progression; 2) NF1 mutation (NF1) with pilocytic astrocytomas; and 3) NF2 mutation (NF2) with ependymoma formation. The role of the TS gene and the adenomatous polypopsis coli gene (Turcot syndrome) in glioma oncogenesis is not clear. Because tumorigenesis is a multistep process, it would be premature to equate a specific germline mutation with the multiple somatic mutations required for glioma formation. However, identification of specific germline genetic mutations provides a model for the multiple tumor suppressor genes involved in glioma pathogenesis.
ependymomas) include the "neurocutaneous syndromes" (neurofibromatosis type 1 [NF1] and type 2 [NF2] and tuberous sclerosis [TS] ), Li-Fraumeni cancer syndrome, and Turcot syndrome. [43] An association between tumor syndrome and gliomas would feature optic nerve gliomas and other astrocytomas in NF1; ependymomas and astrocytomas in NF2; subependymal giant cell astrocytomas in TS; and malignant gliomas in Li-Fraumeni cancer and Turcot syndromes.
The goals of this article are threefold: 1) to review the hereditary neurological syndromes associated with gliomas, establishing a link between the mutated tumor suppressor gene, the resultant dysfunctional protein, and the associated tumor syndrome; 2) to determine if the involved tumor suppressor gene is involved in glioma progression; and 3) to appraise realistically the utility of applying germline mutations to sporadic somatic mutations in a tumor formation model.
HEREDITARY NEUROLOGICAL TUMOR SYNDROMES

Li-Fraumeni Cancer Syndrome
In1969, Li and Fraumeni [21] first identified four families in which soft-tissue sarcomas in related children (proband) were associated with the development of breast carcinoma, soft-tissue sarcoma, glioma, osteosarcoma, leukemia, lymphoma, or adrenocortical carcinoma among parents and relatives. Malkin, et al., [28, 29] working on the basis that the p53 gene is an important tumor suppressor gene in which mutations are often linked with tumors associated with the Li-Fraumeni cancer syndrome, were rewarded when they identified p53 germline mutations in these patients. The p53 gene has been localized to chromosome 17p13.1; it encodes a 53-kD nuclear phosphoprotein, composed of 393 amino acids, which binds to specific DNA sequences and appears to be a transcription factor that may regulate the expression of other growth-regulatory genes in a positive or negative manner. As a transcription factor, the p53 gene is involved in many cellular functions, including cell cycle arrest, DNA damage and repair, apoptosis, and angiogenesis. [28] These protective roles have earned the p53 gene the nickname "guardian of the genome." Mouse models of p53 deficiency have been created. These p53 knockout mice exhibit an increased rate of tumor development including lymphomas and sarcomas. Mice heterozygous for a deleted p53 allele have been especially useful because they exhibit an intermediate phenotype, with a tumor formation rate slower than that of p53-null animals but faster than their wild-type p53 littermates. These mice have been used as in vivo models to analyze p53 function and dysfunction in the setting of therapeutic interventions such as chemotherapy or radiation therapy. [28] Because patients with Li-Fraumeni cancer syndrome have an increased incidence of malignant gliomas, the question has often been raised of whether patients with familial gliomas have germline p53 mutations. [30] Li, et al., [22] examined both sporadic cases of gliomas and selected patients with an unusual presomal or familial history of brain tumors and found that germline p53 mutations were detected in one out of 80 unselected cases and in three (20%) out of 15 selected cases. They concluded that the low frequency of the p53 germline mutation suggests that alterations of this gene may not account for most familial cases of gliomas. Similar results were obtained by van Meyel, et al., [38] who found no increased incidence of germline p53 mutations in families with gliomas.
Neurofibromatosis Type 1
Neurofibromatosis type 1, or von Recklinghausen's disease, is a common heritable neurocutaneous disorder, clinically characterized clinically by the finding of two or more of the following signs: café-au-lait spots, neurofibromas, freckling in nonsun-exposed areas, optic glioma, Lisch nodules, distinctive bony lesions, and a first-degree relative with NF1. Patients with NF1 may also have learning disabilities, seizures, scoliosis, plexiform neurofibromas, or pheochromocytomas. [11] There is a high spontaneous mutation rate in NF1, with half of all cases being new mutations. The disorder is otherwise transmitted in an autosomal dominant manner, with nearly 100% penetrance but variable expression. [12] The gene for NF1 has been isolated to the long arm of chromosome 17 (chromosome 17q11.2). The gene has an open reading frame of 8454 nucleotides and spans 300,000 nucleotides of genomic DNA. [12] Germline mutations range from missense to nonsense mutations. The protein product of NF1 is called neurofibromin, a 2818-amino acid protein, which is expressed in brain, spleen, kidney, testis, and thymus tissue. Neurofibromin has a structural and functional similarity to a family of glutamyl transpeptidase (GTPase)-activating proteins that downregulate the cellular protooncogene p21-ras by accelerating ras GTP hydrolysis. If neurofibromin is inactivated, ras becomes overactive, with resultant cellular proliferation and transformation. [39] In animal models, mice homozygously mutant for the NF1 gene (no neurofibromin) develop profound developmental abnormalities and do not survive beyond Day 14 in embryo stage. Mice that are heterozygous for NF1 develop tumors that are seen in humans afflicted with NF1, such as pheochromocytomas and myeloid leukemias. In addition, they may develop lymphomas, lymphoid leukemias, lung adenocarcinomas, fibrosarcomas, and hepatomas. [5] Because patients with NF1 often develop low-grade gliomas (that is, optic glioma), an attempt has been made to correlate NF1 gene mutation with gliomas. Thiel, et al., [37] examined 31 gliomas of several different subtypes for NF1 mutation and found clear evidence of somatic mutation events at the NF1 gene locus in one astrocytoma, two glioblastomas, one ependymoma, and one primitive neuroectodermal tumor with astrocytic component. Analysis of these results suggested that the NF1 gene is important in suppressing tumors of neuroectodermal origin. [37] Von Deimling, et al., [40] demonstrated that pilocytic astrocytomas had a higher incidence of 17q mutations. They screened 20 pilocytic astrocytomas and found allelic loss on chromosome 17 in four cases, all with lost portions of the long arm of chromosome 17. However, Platten, et al., [32] found that in six pilocytic astrocytomas with chromosome 17 abnormalities, there was an overexpression of specific NF1 gene transcripts. This finding, in contrast with the expected result of decreased NF1 gene expression with 17q mutations, led the authors to speculate that pilocytic astrocytomas may overexpress specific NF1 gene transcripts as a regulatory response to growth stimuli. [32] 
Neurofibromatosis Type 2
Neurofibromatosis type 2 is an uncommon autosomal dominant disorder in which patients are predisposed to a variety of central nervous system (CNS) tumors, including schwannomas (vestibular and spinal), meningiomas, and gliomas (especially ependymomas). [24] The gene for NF2 has been localized to the long arm of chromosome 22 (22q12). The protein encoded by the NF2 gene is similar to the band 4.1 family of proteins. This finding is especially interesting as band 4.1 proteins mediate communication between the extracellular milieu and the cytoskeleton by acting as a link between integral membrane proteins and the actin cytoskeleton. This protein has been called schwannomin or merlin (moesin-ezrin-radixin-like protein). 
severity, large truncating alterations in NF2 may result in a more severe phenotype. The role of NF2 gene mutation in the pathogenesis of gliomas is not as clear cut. Gliomas in NF2 patients are predominantly intramedullary spinal or cauda equina ependymomas. [24] However, NF2 patients may also develop diffuse and pilocytic astrocytomas. Rubio, et al., [33] screened eight ependymomas and 30 fibrillary astrocytomas from non-NF2 patients for the NF2 gene. They did not find any mutations in the astrocytomas but found a mutation in a spinal ependymoma. Hoang-Xuan, et al., [14] found loss of heterozygosity (LOH) in chromosome 22 in 17 of 70 gliomas (World Health Organization [WHO] Grades II-IV astrocytomas, oligodendrogliomas, and oligoastrocytomas). They screened the samples with LOH in chromosome 22 for the mutations in the NF2 gene and did not find any mutations, leading them to conclude that NF2 gene mutations are not important for astrocytoma and oligodendroglioma tumorigenesis. Hitotsumatsu, et al., [13] demonstrated merlin expression in normal Schwann cells of cranial nerves. Schwannomas and meningothelial meningiomas demonstrate a decrease in merlin expression, consistent with a NF2 gene mutation. However, gliomas (glioblastoma multiforme [GBM], anaplastic astrocytoma, fibrillary astrocytoma, and pilocytic astrocytoma) have increased merlin activity, suggesting that NF2 gene mutation may not be important in the oncogenesis of astrocytic neoplasms.
Tuberous Sclerosis
Tuberous sclerosis is an autosomal dominant syndrome in which patients develop hamartomatous lesions in the nervous system and other organs. The classic triad of findings in TS include mental retardation, seizures, and angiofibromas. Patients with TS may develop subependymal giant-cell astrocytomas from cortical tubers. [34] Molecular genetic studies have implicated two chromosomal regions in the pathogenesis of TS. The long arm of chromosome 9 (9q; TS1) and chromosome 16p (TS2) have been implicated via linkage analysis as candidate genes for TS. [8, 34] A third gene locus for TS on chromosome 12q22-24.1 (TS3) has recently been identified. [6] The TS2 gene has been cloned and the protein product, tuberin, may function like a GTPase-activating protein, similar to neurofibromin. [34] The genes for TS1 and TS3 have not been cloned. The role of tuberin in the progression of cortical tubers to subependymal giant cell tumors is pure speculation at this point.
Turcot Syndrome
Familial adenomatous polyposis is an extensively studied autosomal dominant cancer syndrome in which affected individuals develop hundreds of thousands of tubular adenomas throughout the large intestine by age 35 years. Other variants of familial adenomatous polyposis include Gardner's syndrome, flat adenoma syndrome (attenuated adenomatous polyposis coli [APC]), and Turcot syndrome. Each is caused by mutations in the APC gene on chromosome 5q21. [7] Patients with Turcot syndrome have an association of colonic polyposis and primary neuroepithelial brain tumors (malignant gliomas and medulloblastomas). The gene for Turcot syndrome has not been firmly established. Recent investigations have demonstrated linkage to the APC gene on chromosome 5q in some families. [7] Kikuchi, et al., [18] have recently demonstrated in two patients with Turcot syndrome that somatic p53 mutations exist but not, however, as germline mutations. They proposed that p53 may play a role in the progression of Turcot syndrome but not in its initiation. Table 1 summarizes the hereditary neurological tumor syndromes discussed, with their associated chromosomal and protein mutations.
GENETICS OF GLIOMA PROGRESSION
To determine whether the tumor-suppressor genes associated with hereditary neurological syndromes are related to glioma oncogenesis, it is important to summarize what is currently known about glioma progression. Progression has been defined by Foulds as the "development of a neoplasm by way of permanent irreversible qualitative change in one or more of its characters". [2] In astrocytomas, progression to the GBM has been proposed to occur through two separate molecular pathways. [15, 23, 25] In younger patients, progression occurs in a step-wise fashion. The first step, "initiation," represents an acquired genetic instability in the original transformed cell, resulting in an alteration in the cell's reactivity to certain stimuli that are normally noncarcinogenic.[2] Fults, et al., [9] have demonstrated that p53 gene mutation and loss of chromosome 17p are involved in the transformation of a precursor cell into an astrocytoma (WHO Grade II). [9] Allelic loss of chromosome 22q has also been found in approximately 20 to 30% of astrocytomas. Platelet-derived growth factor-alpha receptor overexpression is associated with LOH on chromosome 17p. [25] Progression from an astrocytoma to anaplastic astrocytoma (WHO Grade III) occurs with loss of chromosome 13q, Rb gene mutation, loss of chromosome 19q, and loss of chromosome 9p16. Progression from anaplastic astrocytoma to GBM occurs with LOH in chromosome 10, loss of chromosome 9p16, and epidermal growth factor receptor amplification. [3, 4, 17, 41, 42] Recently, the phosphatase and tensin homolog deleted on chromosome 10 (PTEN) gene has been defined as a tumor suppressor gene located at 10q23.3, associated with formation of glioblastomas. [1] In older patients, "de novo" formation of a GBM may occur, characterized by heterozygosity of chromosome 10 and amplification of the epidermal growth factor receptor gene but with no p53 mutation. [3, 15, 25] 
RELATIONSHIP BETWEEN HEREDITARY NEUROLOGICAL TUMOR SYNDROMES AND GLIOMA ONCOGENESIS
Given the complexities of glioma initiation and progression, what correlations may be derived from an understanding of the hereditary neurological tumor syndromes? Li-Fraumeni cancer syndrome highlights the importance of the p53 gene. This tumor suppressor gene is extremely important in glioma progression in younger patients, instead of the "de novo" GBM formation seen in the older patients. Because patients with Li-Fraumeni cancer syndrome become symptomatic at an early age (< age 45 years), this fact would support early involvement of the p53 gene in glioma progression. [28] Kyritsis, et al., [20] have examined the frequency of germline p53 mutations in patients with multifocal gliomas, history of an additional primary malignancy, or a family history of cancer and found that germline p53 gene mutations were detected in six of 19 patients with multifocal glioma. The incidence of germline p53 mutations were also increased in patients with a family history of gliomas or patients with another primary malignancy. Li, et al., [22] documented that the incidence of germline p53 mutations is rare in patients with sporadic gliomas (one of 80 unselected cases) but is increased in selected cases with an unusual personal or familial history of cancer (three [20%] of 15 cases). Analysis of these data not only points to the importance of the p53 gene but that patients with multifocal gliomas or an unusual family history should be screened for a p53 germline mutation.
The role of the NF1 gene in glioma oncogenesis is not as clear cut. Although the NF1 gene has been implicated in the pathogenesis of pilocytic astrocytoma, its exact role is not clear. As stated previously, even though NF1 appears to be involved with pilocytic astrocytoma formation, Platten, et al., [32] found an increase NF1 gene transcript activity rather than a decrease. Jensen, et al., [16] analyzed 22 DNA samples from adults with high-grade malignant gliomas for LOH at the NF1 gene and found only one patient with a recurrent anaplastic astrocytoma with a LOH for NF1. They concluded that LOH at NF1 is uncommon in sporadic high-grade astrocytomas. It is possible that the disparity in results may be secondary to the fact that pilocytic astrocytomas may have a different biology from other astrocytomas.
The NF2 gene is also controversial. Although malignant gliomas often have LOH on chromosome 22, this finding does not translate into mutations in the NF2 gene. [14] Instead, mutations in the NF2 gene associated with spinal ependymomas are found with a higher frequency in these patients. The nature of the gene mutations in Turcot syndrome and TS have not been well defined enough to draw any inferences of their role in glioma oncogenesis.
CONCLUSIONS
In summary, hereditary neurological tumor syndromes yield clues to the oncogenesis of gliomas by highlighting the importance of tumor-suppressor genes. However, any attempt to make a direct correlation between a germline mutation in the hereditary tumor syndromes and the somatic mutations seen in sporadic gliomas must be interpreted with caution. Although the hereditary tumor syndromes discussed above involve gliomas, they are associated with a host of neurological and systemic tumors, highlighting the fact that a germline mutation is a systemic event, not a clonal expansion of a somatic mutation.
